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Models of hematopoiesis often depict lymphocyte production as a uniform process in which a homogenous
population of hematopoietic stemcells (HSCs) generates progenitors fromwhich all types of lymphocytes are
derived. However, it is increasingly evident that these schemes are too simplistic and that the lymphoid
potential of HSCs and precursors arising in the embryo, fetus, neonate, and adult is remarkably distinct.
We review recent findings regarding the development of B lymphocytes, and the B-1 B cell lineage in partic-
ular, as a case in point. These studies show that B-1 and B-2 B cells involved in innate and adaptive immune
responses, respectively, arise in staggered waves of development from distinct progenitors. We discuss
the implications of this layered model of B cell development for understanding normal and dysregulated
B lymphopoiesis.Introduction
Two main populations of B lymphocytes, referred to as B-1 and
B-2 B cells, exist (Figure 1). B-1 cells are part of the innate
immune system and produce immunoglobulins (Ig) distinguished
by their recognition of self-antigens and those with repetitive
epitopes such as carbohydrates. The functional properties of
B-1 cells, which include B-1a and B-1b subsets, and their role
in providing immunity to specific pathogens have been reviewed
extensively (Alugupalli andGerstein, 2005; Alugupalli et al., 2004;
Baumgarth, 2011; Haas et al., 2005; Hardy and Hayakawa,
2005). B-2 cells are present in secondary lymphoid organs and
are generally considered to be mediators of adaptive immunity.
They include a predominant population of follicular (FO) and
a minor population of marginal zone (MZ) B cells, both of which
can undergo Ig class switching and differentiate into memory
cells (Martin and Kearney, 2002; Allman and Pillai, 2008; Hardy
et al., 2007; Monroe and Dorshkind, 2007).
Soon after the description of B-1 cells, controversy regarding
their origin and developmental relationship with B-2 B cells arose
and centered on two competing models. The ‘‘selection model’’
proposed that the decision of an Ig expressing B lymphocyte to
become a B-1 or B-2 cell was driven by the response to partic-
ular antigens (Haughton et al., 1993; Berland and Wortis,
2002). In contrast, the ‘‘layered immune system hypothesis’’
formulated by the Herzenbergs (Herzenberg and Herzenberg,
1989) proposed that ‘‘conventional [B-2] and Ly-1 [B-1] cells
belong to separate lineages deriving from distinct progenitors
emerging at different times during development.’’
The pros and cons of these two models have been reviewed
extensively (Berland and Wortis, 2002; Herzenberg and Tung,
2006; Kantor and Herzenberg, 1993), and we revisit this debate
only briefly. Instead, this review will focus on abundant evidence
that has been accumulating over the last decade in support of
the layered immune system model. In addition to synthesizing
these observations and emphasizing that B-1 and B-2 cell devel-
opment occurs in distinct, differentially regulated waves, we
discuss the implications of these observations for modeling
murine and human B cell differentiation as well as understanding
dysregulated B lymphopoiesis.Origin of the Lineage Model of B-1 B Cell Development
In the early 1980s, B cell tumors that expressed CD5 (Lanier
et al., 1981), referred to as Ly-1 in these early reports, were
described, and this prompted a search for normal B cells that
also expressed that determinant. Such populations were
identified at a low frequency in the spleen but were abundant
in the peritoneal cavity (Hardy et al., 1984; Hayakawa et al.,
1985; Hayakawa et al., 1983). These observations established
the existence of B-1 B cells, and additional studies performed
in ensuing years led to the characterization of two distinct B-1
B cell subpopulations: B-1a B cells are sIgM+ CD11b+ CD5+
cells, whereas B-1b B cells are sIgM+ CD11b+ CD5 (Kantor
and Herzenberg, 1993). It is now realized that these phenotypes
distinguish B-1 cells present in serous cavities and that different
combinations of cell surface determinants must be used to
resolve B-1 B cells in other tissues such as the spleen (Allman
et al., 2001; Hardy, 2003).
The definition of B-1 cells prompted studies to define their
developmental origin, particularly in relation to B-2 cells, and
this was done by comparing the potential of cells from various
donor tissues to generate the two types of lymphocytes. The first
evidence to support the conclusion that these two B cell popula-
tions might be developmentally distinct was shown in transplan-
tation studies that compared the potential of neonatal liver and
adult bone marrow to generate B-1 and B-2 cells. Both donor
populations produced B-2 cells, which was not surprising given
that each included hematopoietic stem cells (HSCs). However,
the striking result was that neonatal liver cells efficiently reconsti-
tuted B-1 cells upon transfer into irradiated recipients, whereas
adult bone marrow cells did so poorly (Hayakawa et al., 1985).
The efficient generation of B-1 cells from neonatal liver sug-
gested that they were derived from fetal progenitors. Pioneering
studies performed in the early 1970s had established that B
lymphocyte production initiates in the fetus and identified
the liver and bone marrow as sites in which this occurred
(Owen et al., 1974; Owen et al., 1976). These initial observations
were followed by several studies showing that B lineage
cells were present in additional fetal tissues that included the
spleen, blood, and placenta as recently reviewed (DorshkindImmunity 36, January 27, 2012 ª2012 Elsevier Inc. 13
Figure 1. B-1 and B-2 Development
B-2 cells (top) are produced in the bone marrow
after birth. Common lymphoid progenitors (CLPs)
mature sequentially through pre-pro-B, pro-B,
and pre-B (not shown) cell intermediates into
immature sIgM+ B cells (shown as ‘‘B cell’’ in
figure). Pre-pro-B cells are referred to as B-2 cell
progenitors in the text. Immature sIgM+ cells
migrate to the spleen where they mature through
B-2 cell transitional 1 (T1) and transitional 2 and 3
(T2 and T3) stages into follicular (FO) or marginal
zone (MZ) B cells. The stages of B-1 cell devel-
opment are increasingly well defined, and it is now
possible to propose a model of development
based on the data summarized in this review
(bottom). Mature B-1 cells are generated from B-1
cell-specified CLPs that sequentially differentiate
through B-1 cell progenitor, pro-B, pre-B (not
shown), and immature sIgM+ B-1 cell stages. The
latter cells then mature in the spleen through the
transitional cell stages shown. Mature B-1 cells
that migrate to serous cavities acquire the B-1a
and B-1b cell phenotype. The figure also shows
that B-1, but not B-2, cell progenitors are TSLP
responsive, that B-2, but not B-1, cell develop-
ment is dependent on IL-7, and that B-1 transi-
tional cell survival and maturation is BAFF and
NF-kB2 independent.
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published prior to the mid-1980s did not distinguish between
B-1 and B-2 cells because the existence of these two subsets
was not appreciated, many that appeared subsequently specif-
ically demonstrated that various fetal tissues were a rich source
of B-1 cell precursors. For example, fetal liver was shown to
reconstitute B-1 cells in irradiated recipients (Kantor et al.,
1992), and the fetal omentum proved to be a selective source
of B-1 B cells (Solvason et al., 1991). The latter observation
was particularly intriguing because the potential to generate
B-1 but not B-2 B cells strongly suggested that a separate B-1
cell progenitor must exist.
Although these results provided evidence for the lineage
hypothesis, that model nevertheless generated controversy for
several reasons. The first was the formulation of the competing
‘‘selection model.’’ Studies of transgenic mice engineered to
express Ig heavy and light chains frequently utilized by B-1 cells
demonstrated that B-1 B cells were preferentially generated
(Arnold et al., 1994; Haughton et al., 1993), which led to the
conclusion that antigen selection at the surface Ig stage deter-
mines whether a B cell will adopt a B-1 fate. In addition, reports
that mature B-2 cells could acquire the characteristics of B-1
cells began to appear. For example, B-2 cells could be induced
to express CD5 (Berland and Wortis, 2002). Another reason
for challenging the lineage model was that a distinct B-1 cell
progenitor had not been identified. Thus, the controversy of
whether B-1 B cells were ‘‘made or born’’ (Haughton et al.,
1993) ‘‘simmered and bubbled’’ (Herzenberg and Tung, 2006).
Identification of B-1 Cell-Specified Progenitors
The 1980s and 1990s were a period during which tremendous
advances in flow cytometry were made, and it became possible
to phenotypically identify and isolate cells at various stages of
hematopoietic development. In particular, several laboratories
formulated increasingly refined schemes of B cell development14 Immunity 36, January 27, 2012 ª2012 Elsevier Inc.in which the differential expression of distinct cell surface deter-
minants was correlated with the status of Ig heavy and light
chain rearrangements and expression of various intracellular
signaling molecules and transcription factors (Hardy et al.,
1991; Rolink and Melchers, 1996). As a result, we now take for
granted schemes of bone marrow B cell development in which
HSCs differentiate into early lymphoid progenitors (ELPs) and
then common lymphoid progenitors (CLPs) from which pro-B,
pre-B, and finally immature B cells are produced (Ikuta et al.,
1992; Kondo et al., 1997; Pelayo et al., 2006). The scheme
defined by Hardy et al. (1991) is widely used by many laborato-
ries, including our own, and indicates that the transition from
CLPs into pre-pro-B cells is accompanied by upregulation of
CD45R(B220) and that CD19 expression does not occur until
these cells have matured into pro-B cells (Figure 1).
During the course of studies aimed at comparing the proper-
ties of fetal and adult B cell progenitors, we unexpectedly
identified a population of lineage negative (Lin) CD93(AA4.1)+
CD45R or lo CD19+ cells whose existence was not predicted
by the Hardy scheme (Montecino-Rodriguez et al., 2006). These
cells were present in high numbers in fetal liver, peaked in
number at approximately day 17 of gestation, and then declined
in both frequency and total number in the weeks after birth. We
had previously reported that cells with a similar phenotype
were present at a low frequency in the bone marrow of young
adults (Montecino-Rodriguez et al., 2001), and de Andre´s et al.
(2002) had also identified low numbers of CD45R or lo CD19+
B cell progenitors in the fetal liver and aorta-gonad-mesonephric
(AGM) region of embryos at day 11 of gestation.
When the Lin CD93(AA4.1)+ CD45R or lo CD19+ cells were
cultured in vitro, they upregulated expression of CD45R(B220)
and matured into sIgM+ B cells. A proportion of the latter cells
coexpressed CD11b (Montecino-Rodriguez et al., 2006). We
further confirmed that the Lin CD93(AA4.1)+ CD45R or lo
CD19+ cells transplanted in vivo differentiated into both B-1a
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cells expressed Ig heavy chain genes known to be utilized by B-1
cells and secreted Igs with reactivity toward the B-1 antigen
phosphorylcholine. Furthermore, Lin CD93(AA4.1)+ CD45R or lo
CD19+ cells did not generate B-2 cells or cells from any other
hematopoietic lineage (Montecino-Rodriguez et al., 2006).
Taken together, these data demonstrated the existence of
distinct B-1 cell progenitors, thus providing support for the
lineage model. The existence of the Lin CD45R or lo CD19+
B-1 cell progenitors has subsequently been independently
confirmed by several laboratories (Esplin et al., 2009; Ghosn
et al., 2011; Tung et al., 2006; Yoshimoto et al., 2011).
The Emergence of B-1 Potential during Embryogenesis
The initial description of B-1 cell progenitors focused on their
emergence in fetal liver and fetal bone marrow, but how early
in gestation and in which tissues they arise remained unknown.
Yoshimoto et al. (2011) recently completed a detailed study to
address these questions. Particular focus was placed on the
yolk sac and intraembryonic para-aortic splanchnopleura (PSp)
because these tissues are the earliest sites of fetal hematopoi-
esis (Dzierzak and Speck, 2008; Medvinsky et al., 2011) and
previous studies had implicated them as a source of B-1 cell
precursors (Cumano et al., 1993; Godin et al., 1993). In particular,
cells harvested from the PSp at embryonic day 8.5–9.0 of gesta-
tion reconstituted CD5-expressing B cells that localized to the
peritoneal cavity and secreted IgM, suggesting that they were
B-1a cells (Godin et al., 1993). However, the precursors from
which these B cells were derived were not identified.
In their initial analysis, Yoshimoto et al. examined yolk sac and
PSp for the presence of Lin CD45R or lo CD19+ B-1 cell
progenitors at day 9.0–9.5 of gestation, but few cells with this
phenotype were found. However, when hematopoietic cells
from yolk sac or PSp were cultured on stromal cells under B lym-
phopoietic conditions (Montecino-Rodriguez and Dorshkind,
2006) for 8–10 days, foci that included CD93(AA4.1)+ CD19+
CD45R or lo cells developed. No cells with a CD19 CD45R+
B-2 cell progenitor phenotype emerged. With extended time in
culture, these CD93(AA4.1)+ CD19+ CD45R or lo cells matured
into CD19+ CD45R+ cells that only generated sIgM+ CD11b+
CD5+ B-1a and sIgM+ CD11b+ CD5 B-1b cells after in vivo
transfer. That these cells were bona fide B-1 cells was shown
by the fact that they used VH11 Ig genes, which is a characteristic
of B-1 cells (Carmack et al., 1990), and secreted antibodies reac-
tive against B-1 antigens (Yoshimoto et al., 2011).
Because B cell potential arose simultaneously in the yolk sac
and PSp, it had been suggested that translocation of precursors
from one tissue to the other did not occur and that each was an
autonomous site of B-1 B cell development (Godin et al., 1995).
Recent studies showing that yolk sac or PSp cells from Ncx1/
embryos efficiently generated B-1 cells demonstrated that this
is the case. Because the latter strain fails to initiate a heartbeat,
and thus provides a circulation-free environment, it was possible
to conclude that CD19+ CD45R or lo B-1 cell progenitors were
generated autonomously in the yolk sac and PSp and did not
derive from cells that had seeded those tissues from other sites
through the circulation (Yoshimoto et al., 2011).
Taken together, the above observations provide evidence for
the existence of B-1 cell-specified progenitors that arise beforeB-2 cell progenitors in the embryo. The identity of the precursors
in embryonic day 9.0–9.5 yolk sac and PSp that give rise to the
B-1 cell progenitors is not known. However, because definitive
HSCs do not arise until day 10.5 of gestation, it is intriguing to
postulate the existence of a pre-HSC wave of B-1 development.
In this regard, it is known that the fetal erythroid cells that
develop in the yolk sac do so from restricted progenitors (Dzier-
zak and Speck, 2008; Medvinsky et al., 2011), and this could
also apply to a fraction of B-1 B cells.
B-1 cell progenitors that arise at later times during gestation
are almost certainly derived from HSCs. This view is based on
the fact the number of Lin CD93(AA4.1)+ CD45R or lo CD19+
B-1 cell progenitors peaks at day 16–17 of gestation in fetal liver
and bone marrow, which is several days after the emergence of
definitive HSCs. In addition, Lin CD117hi Sca-1+-enriched
HSCs from fetal liver have been shown to efficiently generate
B-1a and B-1b cells upon in vitro transfer (Kikuchi and Kondo,
2006).
Divergence of B-1 and B-2 Potential
The fact that HSCs isolated from fetal liver or neonatal bone
marrow can differentiate into B-1 and B-2 cells (Barber et al.,
2011; Kikuchi and Kondo, 2006) raises the question of when
commitment to the B-1 versus B-2 cell lineage occurs. It was
recently reported that ELPs and CLPs purified from adult bone
marrow are able to generate B-1 and B-2 cell progenitors but
that pro-B cells primarily produce B-2 cells (Esplin et al., 2009).
This result indicates that the divergence of B-1 and B-2 cell
potential occurs at the CLP to pro-B cell transition. However,
these analyses were performed with bulk cultures, making it
difficult to determine whether a single CLP generated both B
cell populations or whether that compartment is developmen-
tally heterogeneous and includes B-1- and B-2 cell-specified
subpopulations.
We developed a clonal culture system in which single CLPs
were seeded under B lymphopoietic conditions that support
development of B-1 and B-2 cell progenitors in order to distin-
guish between these possibilities (Barber et al., 2011). If they
are bipotential, individual CLPs would generate both B cell
progenitors in a single well in this assay. Alternatively, if the
CLP compartment is developmentally heterogeneous, a single
CLP would generate either B-1 or B-2 cell progenitors. Remark-
ably, single CLPs generated only B-1 or B-2 cell progenitors,
but never both, indicating that B-1 versus B-2 cell lineage
commitment is already made by the time the CLP stage of devel-
opment is reached (Barber et al., 2011).
Further analyses showed that the number of B-1 CLPs present
in the bone marrow is significantly reduced in adult mice when
compared to neonates. These results are consistent with the
original transplantation studies showing that neonatal liver
reconstituted B-1 cells more efficiently than adult bone marrow
(Hayakawa et al., 1985) andwith our transplantation experiments
showing that, when the number of B-1 cells generated is taken
in consideration, neonatal HSCs and CLPs reconstitute B-1 cells
more efficiently than their adult counterparts (Barber et al., 2011).
Therefore, these reports provide further support for the ob-
servation that B-1 cell production occurs in the adult (Du¨ber
et al., 2009; Kikuchi and Kondo, 2006), but that it is substantially
attenuated when compared to the fetus or neonate.Immunity 36, January 27, 2012 ª2012 Elsevier Inc. 15
Figure 2. B-1 and B-2 Development Occur
in Distinct, Overlapping Waves
Three waves of B-1 cell development are
proposed. The first wave (‘‘1’’) initiates in the yolk
sac (YS) and para-aortic splanchnopleura (PSp)
region before the emergence of definitive hema-
topoietic stem cells (HSCs). It is not clear, as
indicated by the dashed line, whether B-1 cell
progenitors produced during this initial phase
mature into B-1 cells that become part of the
adult B-1 pool. If so, they may do so in YS and
PSp or migrate to the fetal liver and bone marrow
and complete maturation in those tissues. During
the second wave (‘‘2’’), which initiates in the fetal
liver and fetal bone marrow, HSCs generate B-1
cell progenitors from which mature B-1 cells are
derived. Although B-2 cell development initiates
during this second phase, B-1 cell production
predominates. Whether or not B-1 and B-2 cell
CLPs and progenitors are produced from a single
type of HSC or multiple B-1 and B-2 cell-speci-
fied stem cells exist, as indicated by the different
colored HSCs, is not known. B-1 cell production
peaks during late embryogenesis and then
begins to decline just before birth. The third wave
(‘‘3’’) of B cell development takes place in the bone marrow and results primarily in the production of B-2 B cells. B-1 B cells can be produced during this third
wave, but the efficiency with which this occurs in comparison to wave two is substantially reduced.
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Intermediates
After their production in the bone marrow, immature, sIgM+ cells
migrate to the spleen where they progress through distinct
transitional cell stages before maturing into FO and MZ B cells
(Figure 1). In addition to B cell receptor (BCR) signaling, transi-
tional cell survival and maturation are critically dependent upon
binding of B cell-activating factor (BAFF) to the BAFF-receptor
(BAFF-R) and activation of alternative NF-kB signaling, given
that mice with defects in the expression of BAFF, BAFF-R, or
NF-kB2, the key transcriptional regulator in the alternative
NF-kB pathway, have a severe deficiency of FO and MZ B cells.
In contrast, B-1 B cells are present in normal numbers in these
mice (Gerondakis and Siebenlist, 2010; Mackay et al., 2010;
Mackay and Schneider, 2009).
It has been proposed that B-1 B cells also develop through
transitional cell intermediates (Casola, 2007), and in support of
this hypothesis, we recently reported that the transitional B cells
present in the spleen during the first 2 weeks after birth primarily
generate B-1 B cells (Montecino-Rodriguez and Dorshkind,
2011; Figure 1). This neonatal B-1 transitional cell wave then
wanes as the B-2 transitional cell wave establishes and predom-
inates in the adult (Montecino-Rodriguez and Dorshkind, 2011).
Further analysis revealed that B-1 transitional cells were not
dependent on signaling through the BAFF-R, indicating that
B-1 and B-2 transitional cells are not regulated in the same
manner. A prediction based on these results is that the B-1
transitional cell wave should also appear normally in BAFF-
and NF-kB2-deficient mice.
The formation of B-1 cells is dependent upon strong BCR
signaling (Casola et al., 2004) and activation of the classical
NF-kB pathway. The requirement for classical pathway signaling
is demonstrated by the fact that mice with defects in the expres-
sion of NF-kB signal integrators, such as Brutons tyrosine kinase
(Btk), Bcl-10, MALT-1 (CARMA1), or NF-kB1, exhibit a severe
reduction in the number of peritoneal cavity B-1 B cells (Thome,16 Immunity 36, January 27, 2012 ª2012 Elsevier Inc.2004). The characterization of B-1 transitional cells provided the
opportunity to identify the stage(s) of B-1 cell development
dependent on these signals. This analysis revealed that survival
and maturation of B-1 transitional cells occurred normally in
Btk- and NF-kB1-deficient mice (Montecino-Rodriguez and
Dorshkind, 2011), suggesting that the B-1 deficiency observed
in these strains occurs because strong BCR andNF-kB signaling
is critical for the survival and/or proliferation of B-1 cells after
their formation from B-1 transitional cells.
These observations indicate that BCR signaling as a determi-
nant of B-1 cell fate, which underlies the selection model, is also
an integral element of the lineage model. In fact, it may be
possible to combine the selection and lineage models into
a unified scheme in which immature B-1 B cells derived from
B-1 cell-specified progenitors are selected into the mature B-1
cell pool after binding of specific antigens to their BCR.
Modeling B Cell Development in the Embryo and Adult
The results reviewed above allow us to build upon the original
layered immune system hypothesis (Herzenberg and Herzen-
berg, 1989) and propose a model in which B cell production
takes place in three distinct waves during development
(Figure 2). The first wave initiates in the yolk sac and PSp where
non-HSC derived precursors with the potential to generate B-1
cell progenitors arise, whereas the second wave initiates during
mid-gestation in fetal liver, fetal bone marrow, and fetal spleen
(Ghosn et al., 2011). As discussed above, it is likely that most
of the B-1 cell progenitors that emerge in this second wave are
HSC derived. Finally, during the third wave, which occurs near
the end of fetal life, the production of B-1 cell progenitors
declines and the B-2 developmental program becomes increas-
ingly well established.We emphasize that this is aworkingmodel
that will undoubtedly require revision as new data emerge. For
example, the timing with which B-1a and B-1b cells appear
during ontogeny would indicate that they arise separately (Her-
zenberg and Tung, 2006; Tung et al., 2006). Thus, additional
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these can be easily integrated into this model.
Much remains to be learned about the events that occur within
each of these phases of development. As noted, the identity of
the precursor(s) from which B-1 cell progenitors arise in the first
wave is not known. In addition, while the yolk sack- and PSp-
derived cells can mature into functional B-1 cells after transfer
in vivo, we do not know whether mature B-1 cells are actually
generated in this wave and contribute to the adult B-1 pool.
The possibility remains that, similar to fetal erythropoiesis (Palis
and Yoder, 2001), it represents a vestigial wave of B cell devel-
opment. Alternatively, the yolk sac and PSp B-1 cell progenitors
could differentiate into mature B-1 cells in situ or migrate to other
hematopoietic sites and develop in parallel with HSC-derived
B-1 cell progenitors that emerge during the second wave (Yosh-
imoto et al., 2011).
Why HSCs in the fetus and neonate efficiently generate B-1 B
cells while the ability of stem cells in the adult is attenuated is also
not clear. The HSC compartment could be developmentally
heterogeneous and include distinct B-1-and B-2 cell-specified
HSCs. Thus, HSCs with B-1 cell potential may arise early in the
fetus and then decline in number as adult HSCs emerge. In
this case, the attenuated B-1 cell potential of adult bone marrow
would be due the persistence of a limited number of these fetal
stem cells. Alternatively, a single type of HSC may develop,
and its properties may be determined by the niches in which it
localizes. Thus, the environmental cues encountered in the fetus
may result in epigenetic changes that program B-1 cell develop-
ment, whereas subsequent residence in an adult hematopoietic
microenvironment would extinguish B-1 cell potential and favor
B-2 cell development. In this case, the low B-1 cell potential of
HSCs in adult bone marrow may result because few ‘‘fetal-
like’’ niches are available.
Although we propose that the majority of mature B-1 cells are
generated from distinct B-1 cell-specified stem or progenitor
cells in one of the waves shown in Figure 2, the possibility
that other routes into the B-1 cell pool exist cannot be
excluded. As discussed above, B-2 cells may in some circum-
stances acquire B-1 characteristics as a result of antigen
engagement or exposure to a particular environment (Berland
and Wortis, 2002). For example, residence in the peritoneal
cavity may confer distinguishing characteristics on B-2 cells.
B-2 cells transferred into the peritoneal cavity of severe
combined immunodeficient mice can upregulate expression
of the CD11b and CD43 B-1 cell-associated antigens,
downregulate expression of the CD23 B-2 cell surface determi-
nant, and acquire the ability to spontaneously secrete IgM
(Hastings et al., 2006). In addition, the CDR-3 locus, which
encodes the region in the center of the antibody binding
site, of peritoneal cavity B-2 cells exhibits sequence character-
istics distinct from B-2 cells in other tissues (Vale et al., 2010).
However, the latter study also demonstrated that peritoneal
cavity B-1a, B-1b, and B-2 cells had unique repertoire signa-
tures, which would be expected if each had a different
ontogenic origin. Thus, while it appears that some B-2 cells,
and those in the peritoneal cavity in particular, can acquire
B-1 characteristics, the frequency with which this occurs and
whether such cells should be considered true B-1 cells remain
open questions.Characterization of Human B-1 B Cells
Whereas the existence of B-1 cells in mice is not debated,
whether or not human B-1 cells exist has been a source of
controversy. CD5-expressing B cells have been detected in
human fetal lymph nodes, spleen, peritoneal cavity, and
omentum at different times during gestation (Antin et al., 1986;
Bhat et al., 1992; Bofill et al., 1985; Solvason and Kearney,
1992), as well as in various adult tissues (Dauphine´e et al.,
1988; Donze et al., 1997). However, because CD5 is not a B-1-
restricted determinant, definitive evidence that these were true
B-1 cells has been lacking.
This situation recently changed with the description of a popu-
lation of human cells that are functionally similar to murine B-1
cells. Griffin et al. (2011a) screened various phenotypically
defined populations harvested from cord blood or peripheral
blood and tested them for properties that typify murine B-1 cells.
Using these criteria, they identified CD20+ CD27+ CD43+ CD70
cells, a subset of which express CD11b (Griffin and Rothstein,
2011), whose characteristics are consistent with them being
classified as B-1 cells. This phenotype has generated some
controversy, and issues regarding the gating strategies required
to resolve the human B-1 cells have recently been discussed
(Descatoire et al., 2011; Griffin et al., 2011b; Perez-Andres
et al., 2011).
Like murine B-1 cells, the human B-1 cells identified by Griffin
et al. (2011a) spontaneously secreted IgM, had limited somatic
mutations, and expressed an Ig repertoire targeted to a narrow
range of antigens such as phosphorylcholine and DNA. Interest-
ingly, human B cells generated in utero also express a skewed Ig
repertoire (Merbl et al., 2007). The presence of humanB-1 cells in
cord blood would suggest that they are the progeny of fetal
progenitors. However, the developmental origin of the human
B-1 cell population is undetermined and dissection of human
fetal B cell development is an area ripe for investigation. A recent
study from Sanz et al. (2010) reported that lineage negative
CD34high CD10 CD19 hematopoietic progenitors isolated
from cord blood generated B lineage cells in two, temporally
distinct waves. It will be of great interest to determine whether
the B-1 cells described by Griffin et al. are preferentially gener-
ated during the initial wave.
Implications of Layered B Dell Development
If the production of B-1 and B-2 cells from separate progenitors
is taken into account, it can reconcile a number of puzzling
observations in the literature as well as stimulate the formulation
of testable hypotheses to explain various aspects of normal and
dysregulated B cell development.
A particularly clear illustration of these points is provided by
studies that investigated the effects of thymic stromal lympho-
poietin (TSLP) on B cell development. Soon after the initial
description of this cytokine, it was reported that adult pro-B cells
did not respond to it (Vosshenrich et al., 2004), whereas pro-B
cells isolated from fetal tissues were TSLP responsive. The
differential response of B-1 and B-2 cell progenitors to TSLP
can explain this observation (Figure 1). Thus, B-1 cell progenitors
isolated from fetal liver and adult bone marrow proliferate in
response to TSLP, while B-2 cell progenitors isolated from
fetal liver and adult bone marrow do not (Montecino-Rodriguez
et al., 2006). This finding is consistent with results from anotherImmunity 36, January 27, 2012 ª2012 Elsevier Inc. 17
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have a CD19+ CD45R or lo phenotype (Jensen et al., 2007). In
view of these data, the initial observations showing a preferential
response of fetal B cell progenitors to TSLP can be explained
by the fact that B-1 cell precursors predominate in that tissue
but are present at low numbers in adult bone marrow.
This differential TSLP responsiveness by B-1 and B-2 cell
progenitors indicates that cell production in these two lineages
is regulated in a distinct manner. The analysis of mice deficient
in the expression of specific cytokines, cytokine receptors,
signaling intermediates, or transcription factors provides further
support for this conclusion. For example, B-1, but not B-2 cells,
develop in mice that do not express IL-7 (Carvalho et al., 2001),
and B-2, but not B-1, cell development is blocked in the absence
of PU.1 expression (Rosenbauer et al., 2006; Ye et al., 2005).
As reviewed above, B-1 and B-2 transitional cells also have
distinctly different requirements for their survival andmaturation.
Thus, B-2 transitional cells are critically dependent upon binding
of B cell activating factor (BAFF) to the BAFF-receptor and
activation of alternative NF-kB signaling, whereas B-1 transi-
tional cells can mature in the absence of these signals (Monte-
cino-Rodriguez andDorshkind, 2011). Together, these examples
underscore the differences between B-1 and B-2 cell develop-
ment and suggest that a thorough analysis of genetically defi-
cient strains of mice in the context of the lineage model will
help to delineate them.
Taking the existence of two B cell pathways into account will
also be important for developmental studies. For example,
a goal of many stem cell biologists is to use embryonic stem cells
(ESCs) or induced pluripotent stem cells (iPSCs) to model
hematopoeisis and B cell development in particular (Carpenter
et al., 2011; Szabo et al., 2010). It is known that the different
waves of erythropoiesis are recapitulated whenmurine or human
embryonic stem cells are induced to differentiate into hemato-
poietic stem cells (Irion et al., 2010; Zambidis et al., 2005). In
view of this, distinct waves of B lymphopoiesis may also emerge
in these cultures. Thus, it will be of great interest to compare
the properties of B cells generated from human ESCs to
those of the recently described human B-1 cells (Griffin et al.,
2011a).
The layered model of B cell development may also be relevant
to understanding the diminished response of infants to vaccina-
tion (PrabhuDas et al., 2011). In this case, agents designed to
boost the response of adaptive B-2 cells may not be effective
when administered to infants in which B-1 cells may be present
in significant numbers. Ultimately, optimal immunization strate-
gies may need to consider which B lineage cells are present in
neonatal tissues at the time of vaccination.
Finally, it is interesting to consider the possibility that B-1 cells
may be the cell of origin for various B cell leukemias. Most
discussions in this regard have focused on the hypothesis that
chronic lymphocytic leukemia (CLL) is a B-1 malignancy
(Chiorazzi and Ferrarini, 2011), on the basis of the fact that
CD5 is expressed on many CLL cells. However, as previously
noted, CD5 expression does not unambiguously identify B-1
cells and up to two-thirds of CLL B cells exhibit extensive
somatic hypermutation, which is not a characteristic of B-1 cells
(Chiorazzi and Ferrarini, 2011). Thus, the relationship between
cells of the B-1 lineage and CLL is unclear.18 Immunity 36, January 27, 2012 ª2012 Elsevier Inc.Another possibility to consider is that some infant and child-
hood cases of acute lymphocytic leukemia (ALL) are malignan-
cies of B-1 cell progenitors. Two principal types of B-ALL have
been described in young children. Infant ALL, which occurs
within the first year of life, is an aggressive disease that is
frequently associated with MLL fusions including MLL-AF4
(Chen et al., 1993). Childhood pre-B ALL is the most common
pediatric malignancy, peaks in incidence between the ages of
2 and 4, and in 25% of cases is associated with the ETV6-
RUNX1 (TEL-AML1) fusion (Armstrong and Look, 2005; Pui
et al., 2008). In view of the fact that both MLL-AF4 and TEL-
AML1 translocations occur in utero (Bueno et al., 2011; Greaves
andWiemels, 2003) at which time B-1 cell potential is at its peak,
the possibility exists that some B-ALLs are B-1 cell malignan-
cies. In this case, an understanding of the differences in regula-
tion of the B-1 versus B-2 cell developmental process might
contribute to devising new therapeutic strategies.Concluding Remarks
There is now compelling evidence that hematopoiesis is not
a simple, linear process initiating in the fetus and continuing in
the adult. Instead, the properties of the stem and progenitor cells
that arise in different developmental windows are distinct. For
example, fetal and adult HSCs have distinct patterns of gene
expression that confer differences in proliferative and develop-
mental potential (Bowie et al., 2007; Chhabra and Mikkola,
2011; He et al., 2011; Kim et al., 2007). It has also been known
for over 20 years that selected types of T cells are generated
from fetal HSCs (Ikuta et al., 1990), and it was recently shown
that this is the case in humans as well (Mold et al., 2010). These
observations, along with the historical and recent data regarding
B-1 and B-2 cell development reviewed herein, support the
conclusion that the adult immune system consists of cells gener-
ated in layered, developmental programs. This view has not been
fully incorporated into the thinking of the immunology commu-
nity, but we believe that doing so has substantial implications
for understanding normal and dysregulated B lymphopoiesis
as well as lymphocyte development in general.ACKNOWLEDGMENTS
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